Temperature-dependent terahertz conductivity of tin oxide (SnO 2 ) nanowire films was measured from 10 to 300 K using terahertz time-domain spectroscopy. The optical parameters, including the complex refractive index, optical conductivity and dielectric function, were obtained using a simple effective medium theory. The complex conductivity was fitted with the Drude-Smith model and the plasmon model. The results show that the carrier density (N ) and plasmon resonance frequency (ω 0 ) increase while the scattering time decreases with increasing temperature. The reduced carrier mobility compared with bulk SnO 2 indicates the presence of carrier localization or trapping in these nanowires.
Introduction
Semiconducting oxide nanowires have provoked considerable interest in recent years due to their promising applications in photonic and optoelectronic devices [1] . Tin oxide (SnO 2 ), as a wide bandgap functional semiconductor, is of particular interest: arising from their nanometre dimension-induced unique optical and electrical properties, SnO 2 nanowires have been used in gas sensing, transparent conductors, field-effect transistors, solar cells, etc [2, 3] . As such, understanding the physical properties of SnO 2 nanowires, such as electrical conductivity, is very important. Traditional Hall measurements are commonly employed for the conductivity of thin films; however, it is a challenge for nanowire samples where ohmic contacts are required.
Terahertz time-domain spectroscopy (THz-TDS), as a noncontact method, is advantageous for measuring the native conductivity and carrier density of semiconductor materials, such as ZnO nanowires, nanostructured TiO 2 , doped Si and GaAs wafers [4] [5] [6] [7] [8] [9] [10] . THz-TDS measures both the amplitude 3 Author to whom any correspondence should be addressed. and phase of single-cycle oscillations of the THz electric field, and extracts the extinction coefficient and refractive index without the need for Kramers-Kronig transformation. Also, the THz frequency range is of the order of carrier scattering time, which allows a more accurate modelling of the data [4] . Although many materials have been studied by THz-TDS [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , a temperature-dependent THz-TDS study of SnO 2 nanowires has not yet been reported. In this paper, films of randomly aligned SnO 2 nanowires were investigated using THz-TDS in a wide temperature range from 10 to 300 K. By fitting the complex conductivity to the Drude-Smith model and the plasmon model, the carrier density and scattering time are obtained, both of which are found to be temperature dependent.
Experiment

Sample preparation and XRD characterization
SnO 2 nanowires were synthesized on 1 mm z-cut quartz substrates by a catalyst-assisted chemical vapour deposition (CVD) route [25] . SnO 2 powder (Sigma Aldrich, 99.9%) and graphite powder (Sigma Aldrich, 99%) with a 1 : 1 weight ratio were ground and transferred to an alumina boat. The z-cut quartz substrate and the alumina boat were placed in a small quartz tube. This quartz tube was then placed inside a quartz tube furnace. The temperature of the furnace was ramped to 1050
• C at a rate of 50 • C min −1 and kept at the peak temperature for 1 h under a constant flow of argon of 50 sccm and a pressure of 15 mbar. After the growth, the furnace naturally cooled down to room temperature. The morphology of SnO 2 nanowires was characterized by a JEOL JSM-6700F field emission scanning electron microscope (FESEM). Structure characterization was performed by x-ray powder diffraction (XRD) using a Bruker D8 advanced diffractometer and Cu Kα radiation. As shown in figure 1(a) , the as-grown SnO 2 nanowires were uniformly deposited on the z-cut quartz substrate, with average diameters of ∼100 nm and lengths of several micrometres (µm). The thickness of the SnO 2 nanowire film is determined to be ∼15 µm from the crosssectional SEM image (inset of figure 1(a) ). Further structural characterization by XRD ( figure 1(b) ) confirmed that SnO 2 nanowires have a tetragonal rutile crystal structure.
Terahertz time domain spectroscopy
THz-TDS measurements were performed using a THz-TDS system (TeraView Spectra 3000) incorporated with a Janis ST-100-FTIR cryostat. The THz wave was generated and detected by photoconductive antennas fabricated on lowtemperature-grown GaAs films. To study the spectroscopic information of a material, we need a reference material with a well-known complex refractive index in the frequency region under investigation. In our experiment, a bare z-cut quartz is used as the reference. The complex refractive index properties of the z-cut quartz are initially investigated as a function of different temperatures. Our results show that z-cut quartz is a very good transparent material in the THz range, with the complex refractive index 2.10 + 0.002i, which is temperatureand almost frequency-independent.
For each sample (SnO 2 nanowires on z-cut quartz) or reference (z-cut quartz) run, 900 THz traces were taken over a 3 min interval. So the electric field of the THz pulses passing through the sample E s (t) and the reference E r (t) is recorded by moving the sample holder up and down, as shown in figure 2(a). After the main pulse, a small etalon pulse appears due to the multiple reflections between the front and back surface of the substrate. We can truncate the etalon in the time domain signal since the main pulse and etalon are well separated ( figure 2(b) ). Although the optical thickness of the SnO 2 nanowires is small compared with the bulk z-cut quartz, the attenuation and delay of the THz pulse are still observable, as shown in the inset of figure 2(b). The fast Fourier transform (FFT) allows us to obtain the frequency spectra information (amplitude and phase) of the sample and reference (figure 2(c)). 
Data analysis, results and discussion
Optical parameter extraction: complex dielectric function and refractive index
The frequency-dependent complex refractive index of the SnO 2 -vacuum composite was then extracted by numerically solving the equatioñ
whereñ eff is the complex refractive index of the SnO 2 -vacuum composite,ñ sub is the complex refractive index of the z-cut quartz substrate and d is the sample thickness, L is the thickness difference between the sample and reference substrates, and c is the speed of light in vacuum. An accurate determination of L is crucial to an accurate extraction of the optical constants of thin film and nanomaterials [26] ; before growing the SnO 2 nanowires on the sample substrate, the thickness of the two z-cut quartz substrates was measured by a precision digital micrometer (resolution = 1 µm). The complex refractive index of the SnO 2 nanowires and vacuum composite is shown in figure 3(a) . After extracting the refractive index, we can obtain the complex dielectric function of the composite using the relationshipε eff =ñ 2 eff , as shown in figure 3(b) .
Since the sample is a composite of pure SnO 2 nanowires and vacuum, the measured frequency-dependent complex dielectric function is often characterized by an effective medium theory [4, 13, 27] , where contributions from both pure material and host medium are taken into account. In the effective medium theory, the electromagnetic interactions between the pure material and the host matrix are approximately taken into account. The effective medium theory is used to calculate the dielectric function of a composite material given the dielectric function and volume fraction of each of the individual components. Conversely, it can also be used to calculate the dielectric function of one component when the other component and the composite dielectric function are known. However, for a given material, it is not always clear which effective medium theory is a better approach for composite materials. For ZnO nanomaterials, experimental results of nanowires were described well by a simple effective medium theory, while the Bruggeman model showed a good fit to tubular and prism-like structures [13] . The volume fraction of our SnO 2 nanowires is small (∼0.077), so we follow the method described in Han et al [11, 28] , where the simple effective theory was used for MgO nanocrystals (volume fraction 0.19) and ZnO tetrapod structures (volume fraction 0.017). We then extract the complex dielectric function of pure SnO 2 nanowires with the simple effective medium theory [11] 
, where the filling factor f denotes the volume fraction of the nanowires, and is experimentally measured to be f = 0.077.ε m (ω) and ε h (ω) are the dielectric functions of SnO 2 nanowire and host medium, respectively. Hereε h (ω) = ε vacuum = 1.0. The real and imaginary dielectric constants of the SnO 2 nanowire as a function of frequency at different temperatures are obtained, as shown in figure 4(a) .
The refractive index and extinction coefficient can then be calculated, respectively, from the dielectric function ε = ε 1 + iε 2 :
and
Figure 4(b) shows the extracted extinction coefficient k(ω) and refractive index n(ω) of the pure SnO 2 nanowires in the frequency range 0.5-2.4 THz and from 10-300 K. n(ω) slightly decreases with increasing frequency and increases with temperature. The extinction coefficient k(ω) ≈ 0.2 is almost frequency-independent; this is consistent with the lowest IR active transverse optical (TO) phonon mode of ∼140 cm −1 (4.2 THz), well above the investigating frequency [29] .
Conductivity theoretical fitting and discussion
The native conductivityσ (ω) = σ 1 (ω) + iσ 2 (ω) of SnO 2 nanowires can then be determined from n(ω) and k(ω) by the relationships
where ε 0 is the free space permittivity and ε ∞ is the highfrequency dielectric constant. A collection of absorbing modes with frequency beyond the maximum investigation frequency ω m acts as the high-frequency dielectric constant, and can be expressed as
where ε 2 (ω) = 2nk is the imaginary part of the dielectric function. Hence, optical investigations in different frequency ranges (such as infrared, visible and ultraviolet) will have different corresponding ε ∞ . Moreover, ε ∞ does not just depend on the maximum investigated frequency, as the definition indicates, but also depends on the temperature. Dielectric property studies show that the absorption modes will stiffen or soften with increasing temperature [30] ; such stiffening or softening effects directly affect the frequency of the absorption modes and hence the value of ε ∞ . Hence, in our analysis, at every temperature, ε ∞ is one of the fitting parameters in the fit of σ 1 (ω) and σ 2 (ω). Due to the larger surface-to-volume ratio and defect concentration than in bulk single crystals, carrier localization and/or trapping commonly occurs in nanowires, resulting in a negative σ 2 (ω). This negative σ 2 (ω) deviates from the Drude model, which is often used to fit the conductivity of metals and semiconductors. In the Drude model, σ 1 (ω) increases with decreasing frequency and attains a maximum at zero frequency, while σ 2 (ω) is positive with a maximum at the frequency of carrier scattering rate. Smith [31] considered the backscattering of carriers and proposed a modification to the Drude model. In the Drude-Smith model, an additional term appears in the complex conductivity to becomẽ
The parameter c 1 accounts for the fraction of the carrier's initial velocity that was retained after experiencing a collision, and can vary between 0 and −1, corresponding to the Drude conductivity for c 1 = 0 and complete carrier backscattering/localization for c 1 = −1. The terms N , e, m * and τ are the carrier density, electric charge, effective mass and scattering time, respectively. For SnO 2 , m * = 0.31m 0 [32] , where m 0 is the free electron mass. The DrudeSmith model has been used to fit the conductivity data of a variety of materials, such as TiO 2 nanoparticle arrays and ZnO nanomaterials [4, 33] .
At every temperature, we obtain fitting parameters N , τ , c 1 and ε ∞ by self-consistently fitting σ 1 (ω) and σ 2 (ω) (given by equations (4) and (5)) with the Drude-Smith model (equation (6)). The resulting σ 1 (ω) and σ 2 (ω), and the DrudeSmith fits, are shown in figure 5 . From the fits, ε ∞ varies from 9.4 to 10.8 between 10 and 300 K. These values are similar to the ε ∞ obtained by taking the value of n 2 just beyond our frequency window (∼2.4 THz), as was done for single-walled carbon nanotubes [34] and ZnO nanoparticles [35] . From our fits, we find that N and τ are temperature-dependent. The carrier density N increases from ∼3.8 × 10 16 cm −3 at 10 K to ∼8.0 × 10 16 cm −3 at 300 K, as shown in figure 6 (a). Since the electron effective mass (0.31m 0 ) is smaller than the hole effective mass (∼1.0m 0 ) [32] , the electrons contribute more significantly to the photoconductivity and the extracted carrier density can be approximated as electron density. Our extracted carrier density has the same order of magnitude as the result from a recent THz-TDS study of SnO 2 nanowires at room temperature [36] . As carrier density increases with temperature, more carriers are confined in the nanowires, which results in an increased carrier-carrier scattering rate. Also, a larger electron-phonon scattering rate is expected at higher temperatures where longitudinal optical (LO) phonon mediated scattering dominates the conductivity [37] . These two reasons may explain a decrease in the scattering time τ from ∼70 fs at 10 K to ∼50 fs at 300 K, as shown in figure 6 (b). The persistence of velocity parameter, c 1 , approaches −1 in figure 6 (c), consistent with other disordered systems such as ZnO nanowires (c 1 = −0.92) and dye-sensitized TiO 2 nanoparticles (c 1 = −0.93) [4, 33] .
The Drude-Smith model explains the conductivity deviation from the Drude model under the assumption that the carriers retain part of their momentum only at the first scattering event, which has no clear physical basis. The plasmon model offers an extension to the Drude model and gives a similar conductivity spectrum to the Drude-Smith model. In the plasmon model, the motion of carriers is controlled by a restoring force and an external electromagnetic wave. The external THz wave acts as an oscillating electric field that displaces the electron and holes in different directions causing the charges to accumulate at the surfaces. This charge redistribution leads to a restoring force (electrostatic force) that drives the carriers back to their original position, which results in a damped harmonic oscillation [8] [9] [10] 38] . The conductivity of the plasmon model can be expressed as
σ 1 (ω) is maximum and σ 2 (ω) crosses over the frequency axis at the plasmon resonance frequency ω 0 . A larger restoring force will shift ω 0 to a higher frequency, as ω 0 ∝ √ N . The plasmon model is also used to fit the 300 K conductivity data, as shown in figure 5 ; it is very similar to the Drude-Smith fitting. The extracted parameters of N , τ and ω 0 as a function of temperature are displayed in figure 7 . Compared with these parameters from the Drude-Smith model, N is similar and τ has smaller values. The plasmon resonant frequency increases with temperature, which agrees with the plasmon model. From the temperature-dependent carrier density N(T ) in the hightemperature range (210-300 K), the thermal activation energy (E D ) for the ionization of shallow donors was determined to be 68±6 meV from the expression N ∝ exp[(−E D )/2k B T ] [39] . Different activation energies of SnO 2 single crystals have been reported from 10 to 150 meV by different research groups [29] . The activation energy in our sample is close to Chang's result (∼60 meV) [40] .
The room-temperature (300 K) carrier mobility calculated from the Drude model µ = eτ/m * is ∼287 cm 2 V −1 s −1 . However, according to the Drude-Smith model, the mobility should be (1 + c 1 ) µ. This gives an experimental carrier mobility of ∼20 cm 2 V −1 s −1 in the THz frequency range, which is one order magnitude smaller than the mobility of bulk SnO 2 (∼250 cm 2 V −1 s −1 ) [41] . This is not surprising, since mobility can vary widely depending on the morphology, microstructure and growth conditions [4] . A recent opticalpump THz-probe study conducted on dye-sensitized thin films made of sintered pastes of SnO 2 nanoparticles (10 nm wide, 20 nm long) [42] obtained a carrier mobility of ∼1.0 cm 2 V −1 s −1 in the THz range. Our value of roomtemperature mobility is also consistent with that from the THz-TDS study of SnO 2 nanowires (50-100 nm in diameter, 10 µm long, µ ∼ 72 cm 2 V −1 s −1 ) [36] .
Conclusions
In conclusion, SnO 2 nanowires are investigated by temperaturedependent THz-TDS from 0.5 to 2.4 THz. The complex refractive index and conductivity of the SnO 2 nanowires are obtained using a simple effective medium theory. The real and imaginary conductivities were simultaneously fitted to the DrudeSmith model and the plasmon model. The extracted carrier density increases and scattering time decreases with increasing temperature. The reduction in carrier mobility compared with the bulk material indicates the presence of carrier trapping by an electrostatic field in these nanowires.
